A new slurry-making method consisting of two-stages of electro-magnetic(EM) stirring, was developed to manufacture high-quality slurries for rheo-diecasting of a near eutectic Al-Si based piston alloy. In the 1 st stage of EM stirring, the optimized process conditions, such as the pouring temperature and the EM induction intensity were investigated to control the microstructural evolution of the primary Si particles. The 2 nd stage of EM stirring was carried out to obtain fine and uniform globular α-Al particles and intermetallic compounds. High quality slurries with fine and uniform microstructures for rheo-diecasting can be obtained through the two-stages of EM stirring. Mechanical properties, such as hardness, high temperature tensile strength and relative wear resistance were evaluated on the specimens taken from the rheodiecast products, and the results are compared with those of the conventional metal mold cast piston.
Introduction
A piston head, which is one of the most important automobile engine parts, requires high mechanical performance, such as high heat-resistant and wear-resistant properties since it is used under high-speed stroke cycles and highpressure atmosphere. Aluminum alloys based on Al-Si system are often used as heat-resistant and wear-resistant materials for the piston head in automobiles because of light weight and good castability. The alloys consist of various multi-components such as Cu, Ni, Cr, and W, which are different from conventional aluminum alloys. Wear resistance and heat resistance are acquired owing to the precipitation behavior of the abovementioned elements and intermetallic compounds. 1, 2) Gravitational metal mold casting is commonly used for manufacturing piston heads using the Al-Si alloys with near eutectic composition. However, metal mold casting has many problems such as core binding, post-processing cost due to sand blasting, trimming, and low productivity. The functions of heat-resistance and wear-resistance are closely related to the microstructural evolution such as the size and the distribution of the various intermetallic compounds. In the gravitational metal mold casting process the microstructural evolution such as the distribution and size of the intermetallic compounds cannot be easily controlled. Many studies have been conducted to solve those problems. 3, 4) Recently, the current piston manufacturing method needs a lot of improvement to satisfy the demands of the automobile industry where weight reduction and cost-effectiveness are emphasized. Furthermore, the distribution and size of the primary α -Al and Si particles during solidification should also be controlled as uniform and fine for high wear-resistance performance. In the metal mold casting process, it is not easy to acquire fine and uniform primary α -Al and primary Si particles.
In recent years, rheocasting process has been known as an attractive manufacturing process to control the primary α-Al particles in solidification of Al-Si alloys. [5] [6] [7] [8] In rheocasting, fine and globular primary α-Al particles can be obtained instead of forming α-dendritic microstructure in solidification of Al-Si alloys. According to the previous studies, [9] [10] [11] fine and uniform α-Al globular microstructure, called semi-solid slurry, can be obtained by EM stirring during primary solidification. An advanced rheo-diecasting process, using semi-solid slurry making process coupled with diecasting, is now in the stage of mass production of automotive parts based on A356 (Al7Si0.25Mg) and ADC10 (Al9Si3Cu) alloys. [11] [12] [13] In the present study, a new semi-solid slurry making method, in which two-stages of EM stirring are carried out during solidification, has been developed to control the microstructural evolution of primary Si, α-Al and various types of intermetallic compounds during solidification of a piston alloy(Al12Si4Cu2.4Ni1Mg). The new semi-solid slurry making method is coupled with high-pressure diecasting (HPDC) process to build-up a manufacturing system of the final casting parts. The effect of process conditions of the two-stages of EM stirring was investigated on the micro-© 2013 ISIJ structural evolution and the mechanical properties of the rheo-diecast products. The solidification microstructures of the rheo-diecast specimens are observed by optical microscopy. The hardness, high temperature tensile strength, and relative wear resistance of the rheo-diecast specimens were estimated, and compared with those by the metal mold casting.
Experimental Procedures
The chemical composition of the examined piston alloy which used in the present study is shown in Table 1 . Figure  1 shows the experimental cooling curve and the calculated solidification sequences, which are as follows: L → L + primary Si → L + primary Si +eutectic (α-Al + Si) → primary Si + eutectic (α-Al + Si) +Y. Here Y is the various intermetallic compounds. 14) It is important to control the microstructural evolution to be fine and uniform since the solidification microstructure is closely related to wearresistance, strength and heat-resistance of the cast piston alloy.
The piston alloy was melted at 850°C and CuP inoculation was carried out after melting. The final content of P in the melt was adjusted to be about 0.2%. The melt was kept at 700°C for 1 hr after degassing prior to pouring into the slurry making vessel. The slurry making vessel was made of stainless steel with Ø50 in diameter and 70 mm in length, and the inner surface of the vessel was coated with BN. When the melt is poured into the slurry-making vessel, the temperature of the inner surface of the vessel was held at 300°C to prevent the formation of initial solidification shell. Figure 2 shows a schematic drawing of the slurry making system. As shown in the figure, two-stages of EM stirring system are adopted to control the microstructural evolution throughout the solidification sequences as described in Fig.  1(b) . The EM stirring device was consisted of two pairs of poles for generating a rotational magnetic field. The power can be controlled by equivalent ampere in the range of 0-20 A with the 220 V single-phase and the frequency of 60 Hz. The electromagnetic field of 0-0.05 tesla was led to aluminum molten metal in the slurry making vessel. The first stage of EM stirring is related to the formation of primary Si and the second stage to the formation of α-Al particles and intermetallic compounds. In order to optimize the process window for proper slurry making, the effects of the pouring temperature, EM stirring power and induced time on the slurry microstructure are investigated.
For the microstructural observation, all samples were ground by SiC papers and polished on a cloth with 0.04 μm diamond suspension. The microstructures were analyzed using an optical microscope fitted with a digital camera. The hardness, high temperature tensile strength, and relative wear resistance were measured and compared with those of the metal mold cast products.
Results and Discussion

Effects of EM Stirring on the Evolution of Primary
Si Wear resistance is one of the most important mechanical properties required in a piston since a large amount of fric- tion is caused by the high-speed motion of a piston in an engine. The morphology of the primary Si, such as the size and the uniformity, is closely related to wear resistance of the cast piston alloys. According to the present industry requirement, the size of the primary Si particles should be controlled under 30 μm. Coarse or segregated primary Si particles may cause local stress concentration, leading to a lowered strength and increased brittleness, and thus shortening life time. In order to obtain fine and uniform primary Si particles, EM stirring was applied in the liquid during the initial solidification stage, and refining treatment using Cu-8%P grain refiner was also carried out to have 0.2 wt.% P content in the final products. The effects of EM stirring and ultrasonic wave on the degree of refinement of the primary Si particles are known to be dependent on the stirring conditions, such as the starting point of stirring, the ending point, and the total stirring time. [15] [16] [17] Up until now, most of the studies are concerned on the control of the primary Si morphology. However, no works have been reported on the control of α-Al and various types of intermetallic compounds. The aims of the present study are not only to control the morphology of the primary Si particles, but also to control α-Al and intermetallic compounds for rheo-diecasting of the piston alloys. According to the solidification path evaluated using the Thermo-Calc software, the first phase to form in solidification of the piston alloy is the primary Si, and then eutectic(α-Al + Si) and finally various types of intermetallic compounds. The EM stirring was carried out into two-stages. The first stage of EM stirring is carried out for the control of the primary Si phase and the second stage for the other phases formed right after the formation of the primary Si. In order to optimize the process conditions for the first stage of EM stirring, several experiments are carried out under the conditions shown in Table 2 . The solidified microstructures are observed to investigate the effect of the EM stirring on the morphology of the primary Si particles using the water-quenched specimen. In order to investigate the effect of EM stirring on the microstructures of the slurries, the process parameters for preparing semi-solid slurries, such as the pouring temperature and the EM stirring time are changed. All the specimens are quenched into water at 575°C which is above the eutectic reaction temperature, to observe the slurry microstructures. The solid fraction is 0.05 at the quenched temperature, which is calculated using the Thermo-Calc software. Figure  3 indicates the typical microstructures of the quenched slur- are 92 sec, 60 sec and 28 sec, respectively. In the case of (a) without EM stirring, the primary Si particles are large and non-uniformly distributed. Even in the cases of EM stirring, when the pouring temperature is higher than 660°C, some coarse primary Si particles are found, and furthermore the α-halo was found in (b) and (c). This phenomenon is considered to be caused by the local depletion of Si during the growth of the primary Si particles. According to the literature, 18) when the primary Si particles grow at some temperature T0 which is just below the liquidus temperature in hypereutectic Al-Si alloy with the initial C0, the liquid adjacent to the primary Si phase will then be enriched in Al and the liquid composition will move along the depressed liquidus to point A at which α-Al can form, as shown in Fig. 4 . In figure (b) , the full line shows that α-Al phase grows as a halo on the primary Si when the growth velocity is above the critical value. As the α-halo grows, the remaining liquid is enriched in Si again toward point B. As the composition varies from A to B, the growth temperature-velocity curve for α-Al is depressed so that the growth curve for the eutectic will now lie above that of the Al phase and, consequently, eutectic grows from the liquid of composition B. These microstructures are not available for rheo-diecasting. When the pouring temperature into the vessel decrease to 620°C, the microstructure with fine and uniform primary Si particles can be obtained as shown in (d). When the pouring temperature is low, the number of Si nuclei increases due to the large amount of supercooling, which leads to uniform temperature and solute fields in the melt owing to EM stirring during growth, resulting fine and uniform microstructures. In order to estimate the effects of EM induction intensity on the distribution of primary Si particles, the induction intensity was varied from 0 A to 15 A as summarized in Table 3 . When the induction intensity was less than 5 A, the distribution of primary Si particles was not uniform as shown in Figs. 5(a) and 5(b). The uniform distribution of primary Si particles was obtained at the stirring current with 10 A, as shown in (c). It is well known that when the electromagnetic force is applied on the melt which consists of conducting and insulating particles, the directions of electromagnetic body force exerted on the insulating and conducting particles are opposite.
In order to estimate the effect of electromagnetic force on the uniformity of the primary Si particles, the current was further increased to 15 A. According to the experimental works, 19, 20) when the electromagnetic force was applied on the Al alloy melt containing insulating SiC particles, SiC particles were found to be segregated around the outer wall of the vessel under high electromagnetic force. As shown in Figs. 5(d) and 5(e), a similar tendency was found in the present study in that primary Si particles are segregated around the outer wall of the vessel and are free in the central region of the vessel when the electromagnetic force is relatively high as 15 A. The primary Si particles are considered as insulating particles compared to Al crystals as shown in Table 4 . Resultantly, the optimum current intensity with the vessel diameter of 50 mm was found to be 10 A. It can be considered that when the size of the slurry making vessel is changed, the current intensity for obtaining semi-solid slurry with uniform Si distribution should be optimized using this concept.
Effects of EM Stirring on the Microstructures of α α-
Al and Intermetallic Compounds
According to the solidification path shown in Fig. 1(b) , the α-Al crystals form right after the formation of the primary Si, and finally various intermetallic compounds form in the residual melt. Microstructural evolution of α-Al particles and various intermetallic compounds should also be controlled to improve mechanical properties in the solidification of piston alloys. In addition, it is noticed that the formation of fine and uniform globular α-Al particles is important in rheo-diecasting process of the Al-Si alloys. 10, 11) As described in the previous section, optimum EM stirring conditions are obtained to form fine and uniform primary Si particles in the 1 st stage of stirring. In order to estimate the effect of the 1 st stage of EM stirring on the evolution of α-Al crystals, EM stirring was carried out on between the temperature range of 620°C and 555°C. However, there was no particular influence on the evolution of α-Al crystals. In order to control the evolution of α-Al crystals, the 2 nd stage of EM stirring was adapted which is shown schematically in Fig. 2 . It is well known that the microstructural evolution of α-Al particles is highly affected by the pouring temperature in EM stirring. 11) In order to investigate the influence of the pouring temperature in the 2 nd stage EM stirring, two different pouring temperatures are tested, such as 585°C and 570°C which are 25°C and 10°C higher than the crystallization temperature of α-Al particles. Table 5 , in which process conditions for the 2 nd stage of EM stirring was summarized. In order to observe the slurry microstructure, the melt treated in the 2 nd stage of EM stirring was quenched into the water at 555°C with the solid fraction of 0.15, and the microstructures are shown in Fig.  6 . In the case of the higher pouring temperature, coarse dendrites are found as shown in (a). When the pouring temperature is high, the number of α-Al nuclei on the surface of the vessel is relatively small and some of the nuclei can be remelted due to the non-uniform temperature field. However, when the pouring temperature is low, the number of α-Al nuclei on the surface of the vessel becomes large and the α-Al nuclei can grow in a globular form because of uniform temperature and solute fields in the melt, as shown in (b). The microstructural characteristics shown in Fig. 6 was estimated in terms of the size and the form factor of the α-Al crystals, and the results are summarized in Fig. 7 . In the present study, the particle size and the form factor were calculated using the and , where D e is the equivalent diameter and F is the form factor as a dimensionless number for describing the globularity of the α particles.
A and p are the area and perimeter of the particle, respectively. In the case of the lower pouring temperature, the size of the α-Al crystals is smaller and the form factor is larger compared to those of the higher pouring temperature. In considering the castability in rheo-diecasting and the mechanical properties, the size should be small and the form factor should be large.
In order to investigate the effect of the 2 nd stage EM stirring on the formation and distribution of various intermetallic compounds, SEM and EPMA analyses are carried out. Figure 8 indicates the distribution of the alloying elements, such as Cu and Ni taken from the specimens: (a) the gravitational metal mold casting and (b) the quenched slurry after the 2 nd stage of EM stirring. The bright color in the figure represents the intermetallic compounds consisting of Cu and Ni and also the primary Si particles. Large and segregated intermetallic compounds and primary Si particles are found from the specimen by the gravitational metal mold casting as shown in (a). However, after the 2 nd stage of EM stirring, the intermetallic compounds and the primary Si particles become fine and uniform as found in the specimen taken from the quenched slurry which is shown in (b). In order to evaluate the distribution of the alloying elements, such as Si, Ni and Cu, EPMA line scan was carried out for the two specimens taken from the gravitational metal mold cast and the quenched slurry after the 2 nd stage of EM stirring, and the results are shown in Fig. 9 . The Si peak represents the distribution of the primary Si particles, and Ni and Cu represent the intermetallic compounds. As can be seen from the figure, non-uniform distribution of the alloying elements in the gravitational metal mold cast specimen reveals large and non-uniform distribution of the intermetallic compounds. However, in the case of the specimen taken from the quenched slurry after the 2 nd stage of EM stirring, uniform distribution of the alloying elements reveals that fine and uniform intermetallic compounds can be obtained by the 2 nd stage of EM stirring. It is to be noted that, fine and uniform distribution of intermetallic compounds are mainly affected by the microstructural evolution of Si and α-Al crystals, leading to the improvement of wear resistance.
Mechanical Properties of Rheo-diecast Products
In order to investigate the mechanical properties of rheodiecast products, the semi-solid slurry, which was made using the two-stages of EM stirring method, was rheodiecast using an 85 ton diecast machine. Figure 10 indicates the geometry of the test specimen and the macro-and microstructures of the rheo-diecast specimen: (a) the geometry and dimension of the test specimen, (b) the result of the high pressure diecasting, and (c) the result of the rheo-diecasting. As shown in the macro-structures shown in the figure, lots of porosity defect was found in the HPDC specimen which is due to the turbulent flow of the melt in the die cavity, but no porosity defects was found in the rheo-diecast specimen owing to the laminar flow pattern of the slurry during rheodiecasting. The microstructure of the rheo-diecast specimen consists of globular α-Al particles and fine and uniform pri- mary Si particles. However, coarse and non-uniform Si particles are found in the high pressure die-cast specimen.
In this study, the mechanical properties of the rheodiecast specimens, such as high temperature tensile strength, surface hardness, and relative wear resistance, are investigated and compared with the results of the specimen taken from the commercial piston which was manufactured by gravitational metal mold casting. In comparison, the microstructure of the conventional metal mold cast piston with the same composition is shown in Fig. 11. As shown in the figure , the microstructure consists of coarse and segregated primary Si particles and coarse α-Al dendrites.
The high temperature tensile strength was evaluated at 250°C. Figure 12(a) indicates the high temperature tensile strength for the specimens taken from the gravitational metal mold cast and the rheo-diecast products. As shown in the figure, the high temperature tensile strength was increased about 25% and the elongation increased about 60% compared to those of the metal mold cast products. The improvement of high temperature tensile properties is considered to be caused by the uniform distribution of fine primary Si, α-Al and intermetallic compounds.
The surface hardness is an important mechanical property for pistons due to the performance of continuous friction environment in a power train. The Rockwell hardness test, which was pressed by 100N using a 1/16 inch metal ball, was carried out. The hardness of the rheo-diecast specimen was increased about 8% compared to that of the gravitational metal mold cast product, as shown in (b).
In the present study, the relative wear resistance, which is one of the important mechanical properties in pistons, was analyzed using the Pin-On-Disc type wear test machine at 300°C. The relative wear resistance of the specimens was evaluated by the loss of weight during the test. As shown in (c), the relative wear resistance of the rheo-diecast products was increased about 20% compared to that of the gravita- tional metal mold cast products. As a consequence, it is to be noticed that the uniformity and the fine size of primary Si and α-Al play a key role for improving mechanical properties, such as the high temperature tensile strength, the surface hardness, and the relative wear resistance for pistons.
Concluding Remarks
In the present study, a new semi-solid slurry making method consisting of two-stages of EM stirring was developed to control the microstructural evolution of primary Si, α-Al, and various types of intermetallic compounds during slurry-making, using an Al based piston alloy. The first stage of EM stirring was adapted to control the formation of the primary Si particles and the second stage of EM stirring to control the formation of the α-Al particles and the various intermetallic compounds.
In the first stage of EM stirring, the effects of EM stirring parameters, such as the pouring temperature and the EM induction intensity were estimated on the microstructural evolution of the primary Si particles. At the 1 st pouring temperature of 620°C, the size of the primary Si particles decreases under 30 μm. When the pouring temperature is higher than 660°C, some coarse primary Si particles are found. At the optimum EM induction intensity of 10A, the microstructure with fine and uniform distribution of the primary Si particles was obtained. However, when the induction intensity was less than 5A, the distribution of the primary Si particles was not uniform. In addition, when the induction intensity was increased to 15A, the primary Si particles are segregated at the side wall due to the electromagnetic force.
The second stage of EM stirring was adapted to control the microstructural evolution of α-Al particles and various types of intermetallic compounds. At the 2 nd pouring temperature of 570°C, the optimum slurry which has fine and uniform globular α-Al particles and intermetallic compounds was obtained. It can be concluded that the present rheo-diecasting method using the two-stages of EM stirring can provide high quality of mechanical properties for piston parts compared to the gravitational metal mold casting.
